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The capsid protein (CP) of Sesbania mosaic virus (SeMV, a T¼3 plant virus) consists of a disordered N-
terminal R-domain and an ordered S-domain. Removal of the R-domain results in the formation of T¼1
particles. In the current study, the R-domain was replaced with unrelated polypeptides of similar
lengths: the B-domain of Staphylococcus aureus SpA, and SeMV encoded polypeptides P8 and P10. The
chimeric proteins contained T¼3 or larger virus-like particles (VLPs) and could not be crystallized. The
presence of metal ions during puriﬁcation resulted in a large number of heterogeneous nucleoprotein
complexes. NΔ65-B (R domain replaced with B domain) could also be puriﬁed in a dimeric form. Its
crystal structure revealed T¼1 particles devoid of metal ions and the B-domain was disordered. How-
ever, the B-domain was functional in NΔ65-B VLPs, suggesting possible biotechnological applications.
These studies illustrate the importance of N-terminal residues, metal ions and robustness of the
assembly process.
& 2015 Elsevier Inc. All rights reserved.Introduction
Sesbania mosaic virus (SeMV) is a plant virus consisting of a
positive sense 4.1 kb ssRNA genome, which contains three open
reading frames (ORFs). ORFs 1, 2a and 2ab encode non-structural
proteins while ORF 3 encodes a 29 kDa coat protein (CP) expressed
via a subgenomic RNA (Lokesh et al., 2001). The icosahedral shells
of SeMV consist of 180 chemically identical CP subunits (Sub-
ramanya et al., 1993). The structure of the native virus particle has
been determined at 3 Å resolution (Bhuvaneshwari et al., 1995).
The core of the protein subunit structure possesses the canonical
8-stranded β-barrel jelly-roll motif as observed in several other
viruses (Cheng and Brooks, 2013; Harrison, 2001; Krishna et al.,
1999; Lucas et al., 2002; Speir et al., 1995). SeMV CP subunits,
although chemically identical, occupy three quasi-equivalent
positions on the icosahedral shell. Sixty A type subunits interact
to form 12 pentamers at the icosahedral 5-fold axes, whereas 60 B
and C type subunits interact to form 20 pseudo-hexamers at the
icosahedral 3-fold axes. Heterologous expression of full length
SeMV CP in Escherichia coli (rCP) also resulted in the assembly of
T¼3 VLPs that predominantly encapsidated E. coli 23 S ribosomalhy).RNA (Lokesh et al., 2002). The structure of the recombinant VLPs
(PDB: 133; Sangita et al., 2005) is very similar to those of native
particles (Sangita et al., 2005). In the icosahedral asymmetric unit
of native SeMV as well as recombinant VLP (Bhuvaneshwari et al.,
1995; Sangita et al., 2005, 2004), three calcium ion-binding sites
were observed at the interfaces of the AB, BC and CA subunits. Two
aspartates from one protomer and two asparagines and one tyr-
osine from the neighboring protomer co-ordinate the Ca2þ ions.
Removal of divalent ions by EDTA treatment was shown to result
in slight swelling and reduced stability of the virus particles. The
residues involved in co-ordination of calcium were mutated and
the mutant CPs were shown to form T¼3 VLPs that were devoid of
the metal ion and were less stable (Satheshkumar et al., 2004).
As in many other virus capsid proteins, SeMV CP (268 aa long)
consists of two distinct domains: a mostly disordered N-terminal
Random (R) domain (71 aa) and a well ordered shell (S) domain
(72-268). The R-domain of SeMV CP was found to be completely
disordered in A and B type subunits but was ordered from residue
36 in C type subunits (Bhuvaneshwari et al., 1995). Part of the
ordered segment (residues 48–59) of the R-domain of C subunits
formed a characteristic β-annulus structure at the icosahedral 3-
fold axes. Similar β-annulus structures have been observed in
Tomato bushy stunt (Harrison et al., 1978) and other viruses
(Rossmann and Johnson, 1989). It was proposed that the β-annulus
dictates the assembly of the T¼3 particles (Hogle et al., 1986; Qu
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Arginine Rich Motif (ARM; residues 28–36), that plays a crucial
role in RNA encapsidation (Satheshkumar et al., 2005). Deletion of
the N-terminal 36 residues that include the ARM in recombinant
SeMV CP resulted in the formation of both T¼1 and pseudo T¼2
particles consisting of 60 and 120 subunits, respectively (Lokesh et
al., 2002). Deletion of most of the R domain (N-terminal 65 resi-
dues: NΔ65-CP) leads to the formation of predominantly T¼1
particles. Such T¼1 VLPs have also been observed in other viruses
(Fukuyama et al., 1983; Lucas et al., 2001; Savithri and Erickson,
1983). The structures of the recombinant SeMV T¼1 VLPs formed
by deletion of N-terminal 36 and 65 residues were determined at
2.7 and 3 Å resolutions, respectively (Sangita et al., 2004). The
structures were found to be very similar to that of the native T¼3
virus particles in terms of their subunit structure, key inter-
subunit interactions and binding of calcium ions (Sangita et al.,
2004). Further, T¼3 particles were not formed in spite of the
presence of residues corresponding to β-annulus in NΔ36 VLPs. In
a different study, when residues corresponding to the β-annulus
(48–59) were deleted, the polypeptide assembled into T¼3 ico-
sahedral particles lacking the β-annulus (Pappachan et al., 2008).
These results suggested that the formation of the β-annulus was
not a prerequisite but is probably a consequence of assembly.
Although substantial insights on the importance of the dis-
ordered R-domain on the assembly of SeMV have been gained
from earlier studies, the role of the length and nature of the R-
domain in the assembly needed to be further investigated. In the
present study, the N-terminal 65 residues of SeMV CP were sub-
stituted with other polypeptides: the SpA-B-domain (NΔ65-B),
SeMV-P8 (NΔ65-P8) and SeMV-P10 (NΔ65-P10). These are all of
similar lengths but have varying structural features that would
allow examining the importance of the N-terminal amino acids in
the assembly of VLPs. The SpA B-domain is a polypeptide of 58
amino acid residues consisting of three helical segments that bind
IgG (Graille et al., 2000; Moks et al., 1986; Tashiro et al., 1997).
SeMV-P8 is an intrinsically disordered polypeptide of 74 amino
acid residues (Nair and Savithri, 2010). SeMV-P10 is a 96 residue
polypeptide predicted by FOLDINDEX (Prilusky et al., 2005) to
have an ordered structure (Nair and Savithri, 2010). P10 is an
ATPase whose activity is enhanced by P8 protein (Nair and Savi-
thri, 2010). The chimeric proteins obtained by fusion of these
polypeptides to the N-terminus of NΔ65-CP are referred to as
NΔ65-B, NΔ65-P8 and NΔ65-P10, respectively in the rest of the
paper. The puriﬁed proteins were characterized by various bio-
physical techniques, including X-ray crystallography and trans-
mission electron microscopy (TEM), and compared with SeMV rCP
(Sangita et al., 2005; Satheshkumar et al., 2004) and NΔ65-CP
(Sangita et al., 2004). We show that the chimeric CPs assemble
into VLPs that can be puriﬁed by ultracentrifugation. These VLPs
are of size T¼3 or larger instead of T¼1 particles that are obtained
after removal of the R-domain. NΔ65-B was obtained in a dimeric
form when puriﬁed by Ni-NTA chromatography. The dimeric
NΔ65-B could be crystallized and its X-ray crystal structure
revealed that the dimers had assembled into uniform T¼1 VLPs.Fig. 1. SDS-PAGE analysis of the fractions collected after sucrose density gradient
(10–40%) ultra-centrifugation. The sedimentation proﬁle of T¼3 SeMV_rCP parti-
cles leads to signiﬁcant banding between 5th and 9th fractions, while T¼1 NΔ65-
CP particles form a band between 4th and 7th fractions. Peaks observed in SDS-
PAGE for recombinant VLPs obtained by replacement of R-domain with other
polypeptides correspond to those of T¼3 particles. Lanes 1–18 correspond to
fractions collected from the top of the gradient.Results and discussion
Protein puriﬁcation and biophysical characterization
The predicted and experimentally determined structural char-
acteristics of the polypeptides used for replacing the SeMV R-
domain and the schematic of the fusion constructs are presented
in Supplementary Fig. S1. The constructs had nucleotide sequences
corresponding to a hexa-histidine tag and 8 other vector-derived
amino acid residues at the N-terminus and six amino acids(GSDLEM) between the N-terminus of NΔ65-CP and C-terminus of
inserted polypeptide. The total lengths of the additional residues
that were attached to the N-terminal end of NΔ65-CP were 78
(NΔ65-B), 94 (NΔ65-P8) and 116 (NΔ65-P10), respectively. All the
chimeric CPs obtained by differential ultracentrifugation had
assembled into VLPs as suggested by their sucrose density gradient
proﬁles (Fig. 1). TEM of rCP and NΔ65-CP VLPs revealed uniform
particles of size corresponding to T¼3 and T¼1 particles,
respectively (Supplementary Fig. 2), as reported in previous stu-
dies (Lokesh et al., 2002; Sangita et al., 2005, 2004). The B, P8 and
P10 domains do not share detectable sequence similarity with the
native R-domain, yet NΔ65-B and NΔ65-P10 formed signiﬁcant
number of VLPs of diameter corresponding to T¼3 particles. VLPs
with both larger and smaller diameters were also observed (Fig. 2).
The diameters of the particles are manually determined using
image J software (Schneider et al., 2012) and are grouped into
various size ranges as shown in Table 1. TEM analysis of NΔ65-P8
revealed that most particles corresponded to T¼1 or smaller
assembly intermediates (Fig. 2b). Interestingly, fully assembled
particles of NΔ65-P8 were homogeneous and exhibited least var-
iation in size and shape. Most of these VLPs had a diameter of
approximately 27.671.0 nm and appeared to be T¼3 particles
with well-deﬁned icosahedral boundaries (Fig. 2b).
It is interesting that the theoretical pI of P8 protein is basic
(11.53), close to that of the native R-domain (12.60). In contrast,
the pI of the B domain and P10 protein is 4.73 and 7.56, respec-
tively. Although the amino acid sequence of P8 protein had neg-
ligible similarity to that of the R-domain, the P8 polypeptide
contained an arginine rich motif (RRRNRRR/K) as in the R-domain.
The P8 polypeptide binds RNA/DNA non-speciﬁcally (Nair and
Savithri, 2010). Thus, the basic pI, intrinsically disordered nature,
and the RNA binding properties of P8, which are similar to the
corresponding properties of the R-domain, could have led to the
formation of uniform T¼3 particles (1–2%). Certain non-speciﬁc
interactions of P8 with RNA could have resulted in the large
number of assembly intermediates. Overall, these results suggest
that correct assembly is promoted by a positively charged dis-
ordered domain.
Table 1
Fraction of VLPs belonging to different diameter ranges observed in TEM images of puriﬁed samples. Minimum of 200 VLPs were selected randomly for analysis from
different areas and grids. Particle diameter was measured manually using Image J (Schneider et al., 2012) software.
Name of construct and condition T¼3 (26–32 nm) T¼2 (22–26 nm) T¼1 (17–22 nm) o17 nm 432 nm
NΔ65-CP-SAT Nil 22.370.4 (5.1%) 19.571.3 (79.66%) 15.171.3 (15.3%) Nil
SeMV-rCP-SAT 28.071.3 (75.4%) 24.870.7 (23.0%) 21.270.1 (1.6%) Nil Nil
NΔ65-B-SAT 29.171.7 (37.7%) 25.070.7 (11.5%) 19.971.6 (11.5%) 14.370.9 (2.5%) 37.574.2 (36.9%)
NΔ65-P8-SAT 27.571.0 nm (1–2%) 24.671.1 nm (1–2%) 19.171.2 nm (60%) 14.571.4 nm (40%) Nil
NΔ65-P10-SAT 28.571.5 nm (36.1%) 24.571.2 nm (25.4%) 20.370.8 nm (5.3%) 15.671.1 nm (7.7%) 34.672.6 nm (25.4%)
NΔ65-B-Mg2þ-Ca2þ-EDTA 29.471.9 nm (43.0%) 24.471.1 nm (7.0%) 18.271.1 nm (3.1%) 13.371.7 nm (3.1%) 36.774.7 nm (43.7%)
NΔ65-P8-Mg2þ-Ca2þ-EDTA 30.071.4 nm (13.2%) 23.671.0 nm (4.6%) 19.071.4 nm (9.3%) 14.371.7 nm (23.2%) 41.378.0 nm (49.6%)
NΔ65-P10-Mg2þ-Ca2þ-EDTA 28.971.7 nm (25.2%) 24.371.2 nm (12.9%) 20.571.2 nm (2.5%) Nil 41.376.8 nm (59.3%)
Fig. 2. TEM images of the VLPs obtained at magniﬁcations ranging from 100 to 135 k . (a) NΔ65-B; (b) NΔ65-P8 and (c) NΔ65-P10. Proteins were puriﬁed by sucrose
density gradient ultra-centrifugation (10–40%) in SAT buffer (50 mM sodium acetate pH 5.5 and 0.02% sodium thioglycolate). The images revealed that all the chimeras could
assemble into VLPs. The scale bars correspond to 100 nm.
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Metal ions like Mg2þ and Ca2þ have been shown to be
important for the assembly and stability of many viral capsids
(Bhuvaneshwari et al., 1995; Hsu et al., 1976; Sangita et al., 2005;
Satheshkumar et al., 2004; Speir et al., 1995). Therefore, the effect
of using buffers containing metal ions during the puriﬁcation of
chimeric proteins on assembly was examined. Chimeric VLPs were
puriﬁed in SAT (50 mM Sodium acetate pH 5.5, 0.02% Sodium
thioglycolate) buffer containing 5 mM MgCl2 and/or 10 mM CaCl2.
Surprisingly, TEM examination of puriﬁed proteins revealed a large
number of partially assembled particles (Fig. 3a). Upon treatment
with EDTA, most assembly intermediates disappeared and only
few assembled particles of varying sizes were observed (Fig. 3b).
The average diameter of the T¼3 particles that survived EDTA
treatment was slightly larger than untreated particles (Table 1). It
is possible that in the presence of metals ions aberrant nucleo-
protein complexes are formed along with fully assembled VLPs. To
investigate this further, NΔ65-P10 VLPs puriﬁed in the presence of
metal ions were treated with RNase A and the samples were
analysed by TEM. Again, most of the anomalous particles had
disappeared and only assembled VLPs were retained (Fig. 3c). Fully
assembled particles appeared more stable (Fig. 3c), an observation
consistent with an earlier report (Satheshkumar et al., 2004).
Similar results were obtained with NΔ65-P8 and NΔ65-B VLPs
(data not shown). Therefore, divalent ions appear to have an
important role in initiating protein–nucleic acid interactions and
promoting capsid stability. A ﬁne balance in the strength of
interactions (like CP–CP and CP–RNA) may be necessary for errorfree assembly. By stabilizing non-speciﬁc nucleoprotein com-
plexes, high concentrations of divalent ions might disturb this
delicate balance and result in the accumulation of aberrant inter-
mediates. These results are in congruence with an earlier report
where collapsed RNA states were observed in vitro in the presence
of exogenous metal ions and spermidine using MS2 bacteriophage
and Satellite tobacco necrosis virus (Borodavka et al., 2013).
Characterization of chimeric proteins puriﬁed by Ni-NTA afﬁnity
chromatography
Chimeric VLPs puriﬁed by conventional ultracentrifugation
showed heterogeneity and particle polymorphism and could not
be crystallized even after extensive trials. In an attempt to obtain
homogeneous protein suitable for structural studies, puriﬁcation
was attempted by Ni-NTA afﬁnity chromatography. Proteins of
high purity were obtained for all chimeric proteins (Supplemen-
tary Fig. 3a). The oligomeric status of the chimeric proteins was
checked by size exclusion chromatography (SEC) using a superdex
200 10/300 Gl column pre-calibrated with known molecular
weight standards (Supplementary Fig. 3b). The elution proﬁles of
NΔ65-P8 and NΔ65-P10 proteins suggested that they were highly
heterogeneous (Fig. 4a and b). In contrast, NΔ65-B protein was
eluted at a volume of 14.7 ml, corresponding to a homogeneous
dimeric species (Fig. 4c). The A260/280 ratio of puriﬁed NΔ65-B
also suggested that it was free of nucleic acid (Fig. 4c), a conclusion
that was conﬁrmed by agarose gel electrophoresis (data not
shown). The thermal denaturation temperature (Tm) of the pur-
iﬁed dimeric protein, as monitored by CD spectroscopy, was 47 °C
Fig. 3. TEM analysis of the VLPs puriﬁed in SAT buffer supplemented with Mg2þ and Ca2þ ions. (a) NΔ65-P10 in SAT–Mg2þ–Ca2þ buffer. Large number of assembly
intermediates is observed. (b) Assembled particles after EDTA treatment of NΔ65-P10 (SAT–Mg2þ–Ca2þ). The intermediates disappear upon dialysis against SAT buffer
containing 1 mM EDTA. (c) Fully assembled particles remaining intact after treatment of NΔ65-P10 (SAT–Mg2þ–Ca2þ) with RNase. Disappearance of assembly intermediates
suggest that the observed anomalous particles are nucleoprotein complexes stabilized by divalent ions. Scale bars in the images (a) and (c) represent 100 nm. Image (b) has a
scale bar corresponding to 200 nm.
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dimers (Pappachan et al., 2009).
It is likely that the expressed NΔ65-B protein is in the form of
dimers as well as VLPs in the cell and afﬁnity chromatography
leads exclusively to the puriﬁcation of dimeric species while
ultracentrifugation leads to isolation of protein assembled into
VLPs. Indeed, VLPs could be puriﬁed by differential ultra-
centrifugation from the Ni-NTA ﬂow-through fraction with high
yield (data not shown). Similarly, the dimeric form of NΔ65-B
could be puriﬁed by Ni-NTA chromatography from the super-
natant obtained after pelleting VLPs by ultracentrifugation.
Therefore, both VLP and dimeric forms of the chimeric protein
appear to be present in E. coli cells.Crystallization and structure determination of NΔ65-B
NΔ65-B protein dimers obtained by Ni-NTA chromatography
could be crystallized using the hanging drop vapor diffusion
method in two different crystal forms belonging to the P1 and C2
space groups, respectively. Both crystal forms diffracted X-rays to
3 Å resolution. The large size of the crystal unit cells (Table 2)
suggested the presence of a high order oligomer in the asymmetric
unit of both crystal forms. To examine the symmetry of the oli-
gomer, self-rotation functions (Rossmann and Blow, 1962) were
calculated from the X-ray diffraction data using MOLREP (Vagin
and Teplyakov, 1997). The functions (Fig. 5a) clearly revealed the
presence of icosahedral 532 symmetry, suggesting that NΔ65-B
dimers had assembled into icosahedrally symmetric VLPs in both
crystal forms. Structures of both forms were determined by
molecular replacement using NΔ65-CP (PDB: 1Vak, (Sangita et al.,
2004) as the search model in the PHASER (McCoy et al., 2007)
program of the CCP4 suite (Winn et al., 2011). Crystals in the P1
space group contained a full T¼1 particle in the asymmetric unit
while C2 crystals had 30 subunits constituting half a T¼1 capsid in
the asymmetric unit, with the other half-generated by crystal
symmetry. Both structures were reﬁned to reasonable Rwork and
Rfree values with good geometry (Table 2). Even though the
crystals did not diffract to very high resolution, the quality of each
ﬁnal electron density map was excellent due to the presence of
extensive non-crystallographic symmetry. Most residues were
within the allowed regions of the Ramachandran map.Structure of NΔ65-B VLPs
The structures of VLPs in the two crystal forms are nearly
identical. The polypeptide fold of the NΔ65-B protomer conforms
to the canonical 8-stranded β-barrel jelly-roll motif. Fig. 5b shows
a superposition of the polypeptide folds of a selected subunit in
the two NΔ65-B structures. The RMSD (root mean square devia-
tion) of corresponding Cα atoms after structural superposition of
the two subunits is 0.34 Å. In both crystal structures, the poly-
peptide could be built from residue 73 through 262. No electron
density was observed that could correspond to the B-domain
attached to the N-terminus of NΔ65-CP. It was therefore neces-
sary to establish that the additional B-domain had not been
removed by proteolysis during crystallization and the observed
lack of density for the B-domain was truly due to its disorder. This
was resolved by examining dissolved crystals for the presence of
B-domain by western blotting. The B-domain strongly interacts
with the Fc fragment of several IgG antibodies (Moks et al., 1986;
Tashiro and Montelione, 1995). Polyclonal antibodies against SeMV
CP (speciﬁc antibody) and SeMV RNA-dependent RNA polymerase
(RdRP: non-speciﬁc antibody) were used as primary antibodies.
NΔ65-CP, used as a control, showed binding with SeMV CP anti-
bodies (Fig. 6a, Lane 1) but failed to bind RdRP antibodies (Fig. 6b,
Lane 1). However, puriﬁed NΔ65-B protein showed binding to
both SeMV CP and RdRP antibodies (Fig. 6, Lane 2). These anti-
bodies were also used to conﬁrm the presence of NΔ65-B in dis-
solved crystals (Fig. 6, Lanes 3 and 4). The molecular mass of
NΔ65-B obtained from the crystals was comparable to that of the
original puriﬁed NΔ65-B protein. Further, both proteins were
recognized by RdRP antibody via their B-domain. These results
unambiguously conﬁrm the presence of B-domain in both crystal
forms. Thus, substitution of the R-domain of SeMV CP with the B-
domain of similar length leads to assembly of T¼1 particles and
not T¼3 particles during the process of crystallization. Some
degradation of NΔ65-B was observed, but only in the C2 crystal
form (Fig. 6); degradation appears to be from the C-terminal end
as the protein recognized both speciﬁc and non-speciﬁc anti-
bodies. As signiﬁcant electron density was observed for the C-
terminal segment in the ﬁnal map, it is possible that degradation
occurred only in a fraction of protein subunits. Alternatively, the
cleaved C-terminus may be held in position even after cleavage by
non-covalent interactions.
Fig. 4. Gel ﬁltration proﬁle of (a) NΔ65-P8, (b) NΔ65-P10 and (c) NΔ65-B protein puriﬁed by Ni-NTA afﬁnity chromatography on a pre-calibrated superdex 200 10/300 Gl
column. NΔ65-P8 and NΔ65-P10 showed large heterogeneity. NΔ65-P8 eluted as a trimeric and a monomeric protein. Signiﬁcant fraction of NΔ65-P10 was eluted in the void
volume (8.4 ml) of the column suggesting the presence of larger assembly products. NΔ65-B protein was homogenous and the peak fraction was eluted at 14.7 ml, cor-
responding to a dimeric species of 60 kDa.
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axes were also observed in both NΔ65-B structures (Supplemen-
tary Fig. 4a). It was not possible to ﬁt metal ions having suitable
interactions with nearby atoms into these spherical densities. A
sulfate ion ﬁtted the density well and was at a distance appro-
priate for hydrogen bonding with serine residues surrounding the
ﬁve-fold axis. As sulfate was not part of the puriﬁcation or crys-
tallization conditions, it might have been derived from the cell.Comparable density at the icosahedral ﬁve-fold axes was observed
in the crystal structure of tomato aspermy virus (PDB: 1LAJ) and
satellite tobacco necrosis virus and was modeled as phosphate
(Larson et al., 2014; Lucas et al., 2002). The density in the present
case was too large for a phosphate and was more suitable for a
sulfate. Additional electron density of unknown origin is also
present near the icosahedral 3-fold axes in NΔ65-B structures
(Supplementary Fig. 4b).
Table 2
Data collection and reﬁnement statistics. Values corresponding to the highest
resolution shell are shown in parentheses.
Wavelength (Å) 0.95372 Å 0.95372 Å
Resolution range (Å) 41.92–2.95 (3.11–2.95) 50–3.0 (3.11–3.00)
Space group P 1 C 1 2 1






Total reﬂections 1,255,405 863,389
Unique reﬂections 365,689 169,156
Multiplicity 3.4 (2.7) 5.1 (4.9)
Completeness (%) 94.15 (84.73) 99.7 (97.50)
Mean I/Sigma (I) 6.63 (2.04) 12.75 (2.50)
Wilson B-factor (Å2) 33.82 47.00
R-sym 0.149 (0.469) 0.131 (0.730)
R-factor 0.196 (0.27) 0.18 (0.29)
R-free 0.25 (0.34) 0.20 (0.32)
Number of atoms 86,922 42,806
Water 1451 435
Protein residues 11,534 5730
RMS(bonds) 0.010 0.015
RMS(angles) 1.26 1.52
Ramachandran favored (%) 97.00 96.00
Ramachandran outliers (%) 0.00 0.05
Average B-factor 27.30 40.00
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The structures of NΔ65-B VLPs in the two crystal forms (C2 and
P1) were compared with the NΔ65-CP T¼1 structure (Sangita et al.,
2004). Structural superposition of a single subunit of NΔ65-CP T¼1
particle (PDB: 1VAK) and a subunit selected from NΔ65-B C2 and P1
crystal forms by the secondary structure matching (SSM) (Krissinel
and Henrick, 2004) algorithm lead to core RMSDs between the
positions of corresponding Cα atoms of 0.49 and 0.47 Å, respectively.
The most striking difference between NΔ65-B VLP and NΔ65-CP VLP
was the absence of Ca2þ at the canonical metal binding site in the
NΔ65-B particle, although divalent ions (Mg2þ and/or Ca2þ) were
present in the crystallization buffer. In NΔ65-CP T¼1 particles, Ca2þ
is strongly co-ordinated by the carboxylates of D146 and D149 from
one subunit and the main chain carbonyl of Y207, the side chain
carbonyl of N267 and the C-terminal carboxyl of N268 from another
subunit (Fig. 7a). Inspection of the corresponding site in NΔ65-B
structures reveals that the metal-binding site is completely dis-
rupted (Fig. 7a). Residues N267, N268 and four other residues from
the C-terminal segment are disordered in NΔ65-B. The side chain of
D149 was also found to be disordered in many subunits of NΔ65-B
VLPs in both crystal forms. These features of the metal ion binding
site are similar to those in the T¼1 structure of NΔ65-CP in whichFig. 5. (a) Self-rotation functions calculated using X-ray diffraction data obtained from a
(Vagin and Teplyakov, 1997) was used for calculating the rotation functions. Radius of in
Peaks corresponding to rotation angles of 72°, 120° and 180° and their relative positions
axes. Similar self-rotation peaks consistent with icosahedral 532 symmetry were observ
NΔ65-B C2 chain A (gray) by SSM superpose.D146 and D149 were changed to asparagine (NΔ65-D146N-D149N;
PDB: 1VB2) (Sangita et al., 2004). The T¼1 capsids obtained by
expressing NΔ65-CP in E. coli not only contained bound calcium ions
but also encapsidated heterogeneous RNA. It is likely that the
absence of calcium ions in the capsids of NΔ65-B is a result of in vitro
assembly in the absence of RNA. Therefore, the geometry required
for calcium binding may be attained only in the presence of RNA.
Role of RNA in the assembly of NΔ65-B VLPs
Chimeric VLPs puriﬁed by density gradient ultra-centrifugation
were checked for the presence of RNA by agarose gel electro-
phoresis. The results clearly reveal that even though the ARM of
the R domain is absent in NΔ65-B VLP, it could still encapsidate
exogenous RNA (Fig. 7b), possibly because of other positively
charged residues in the capsid interior (Fig. 7c). Therefore, the
larger NΔ65-B particles found in solution, relative to the NΔ65-B
T¼1 obtained during crystallization, could be due to the presence
of RNA in the VLPs puriﬁed from the cell. Studies on several viruses
have suggested that the encapsidated nucleic acid has a role in
viral polymorphism (Krol et al., 1999).
Potential applications
VLPs can be used as scaffolds to display several copies of various
antigens or other molecules that are chemically or genetically
attached to the particle. Generally surface accessible residues/loops
or the terminal ends of the viral coat protein are targeted. Many
examples where VLPs are used as vaccines or diagnostic tools have
been reported (Kushnir et al., 2012; Park et al., 2009). Since
assembly can be initiated in vitro, VLPs can also encapsidate
potential drugs and biomolecules and function as delivery tools.
Chimeric SeMV CP containing an unrelated polypeptide instead of
the native R domain forms VLPs of various sizes. In vitro assembly of
protein dimers during crystallization results in uniform T¼1 par-
ticles. The particles formed in vitro and puriﬁed by differential
ultracentrifugation were stable and retained the B-domain and
were also found to interact with IgG. The strategy of replacing the
ﬂexible domain with other polypeptides could therefore be a useful
method to generate viral coat protein-based nanoparticles. As the
present study demonstrates, polypeptides as long as 116 amino acid
residues can be added at the N-terminus of NΔ65-CP without dis-
rupting the formation of VLPs. Since the B-domain of SpA can
recognize the Fc portion of any IgG antibody, NΔ65-B VLPs could
have diagnostic applications. The binding of NΔ65-B particles
obtained by ultracentrifugation to non-speciﬁc antibodies wasNΔ65-B crystal belonging to the monoclinic space group C2. The MOLREP program
tegration was 86.90 Å and data till 4.99 Å resolution was used for the calculations.
clearly demonstrate the presence of icosahedral 5 fold, 3 fold and 2 fold symmetry
ed with P1 crystal data-set also. (b) Superposition of NΔ65-B P1 chain A (ruby) on
Fig. 6. Western blot analysis of dissolved NΔ65-B crystals using (a) SeMV CP and
(b) SeMV RdRP polyclonal antibodies. Lane 1: SeMV NΔ65-CP protein (control);
lane 2: NΔ65-B puriﬁed protein; lane 3: NΔ65-B P1_Crystal; and lane 4: NΔ65-B
C2_Crystal. SeMV RdRP antibodies failed to detect NΔ65-CP, but detected all
samples containing the B domain. All crystals were washed extensively in the
mother liquor to remove contaminating proteins before analysis. Mild degradation
was observed in the C2 crystal form which appears to be from the C-terminal
region of the protein. Presence of protein in the polyvinyl diﬂuoride (PVDF)
membrane after transfer was conﬁrmed by Ponceau S staining (data not shown).
A. Gulati et al. / Virology 489 (2016) 34–4340demonstrated by western blot analysis (Fig. 6b). The binding afﬁnity
of these VLPs to non-speciﬁc antibodies was also estimated by
ELISA methods. Direct antigen coating ELISA of NΔ65-B VLPs (pur-
iﬁed by ultracentrifugation) or the dimers (puriﬁed by afﬁnity
chromatography) was performed using antibodies against Diamino
propionate ammonia lyase (DAPAL) as primary antibody. SpA and
NΔ65-CP were used as positive and negative controls respectively.
As seen in Fig. 8, NΔ65-B-particles bind to antibody 50 times
better than SpA. NΔ65-B particles, SpA, NΔ65-B dimer exhibit
decreasing order of antibody afﬁnity while NΔ65-CP shows no
binding. These results conﬁrm the presence of a functional B
domain in both the particle and dimeric forms of NΔ65-B. Since
multiple copies of the B-domain are available in NΔ65-B particles,
they show much higher binding as compared to NΔ65-B dimer.Conclusions
In the current study, attempts were made to understand the
effect of replacing the mostly unstructured N-terminal segment of
SeMV by polypeptides of similar or longer lengths (B-domain of S.
aureus protein A, P8 and P10 domain of SeMV polypeptide) on the
assembly of SeMV VLPs. Expression in E. coli of these chimera
yielded T¼3 or larger VLPs and assembly intermediates. The pre-
sence of divalent metal ions resulted in excessive formation of
nucleoprotein complexes. These complexes disappeared upon
treatment with EDTA/RNase, suggesting that their stability is
governed by divalent ion-mediated protein–nucleic acid interac-
tions. More uniform T¼3 particles were obtained when R domain
was replaced by the intrinsically disordered P8 domain containing
a stretch of positively charged residues. The NΔ65-B dimers
obtained by Ni-NTA chromatography assembled during crystal-
lization into T¼1 VLPs that were devoid of divalent ions as in
NΔ65-D146N-D149N VLPs (Sangita et al., 2004). The disordered
nature of the R domain, its sequence speciﬁc elements and itsRNA-binding ability may be essential for the formation of uniform
T¼3 icosahedral particles. NΔ65-B particles carrying multiple
copies of the B-domain strongly bind IgG and could have bio-
technological applications.Materials and methods
Cloning of the fusion constructs
B-domain of SpA was ampliﬁed from the Staphylococcus aureus
COL strain genomic DNA using the NheI site (underlined) containing
sense (CCCGCTAGCATGGATAACA AATTTAACAA AG) and BamHI site
containing anti-sense (CCCGGATCCTTCTTTCGGCG CCTGCGC) pri-
mers. The ampliﬁed product was double digested with NheI and
BamHI and subsequently ligated in the double digested (with NheI
and BamHI) linear pRSET A vector. Sesbania mosaic virus NΔ65-CP
was ampliﬁed similarly with primers containing XhoI (CCCCTCGA-
GATGGCTGTGAGTAGCTCGCGC GG) and BglII (CCCAGATCTT
TAGTTGTTCAGGGCTGAGGCAGTTG) sites at the 50 and 30 ends,
respectively, and ligated into the B-domain pRSET A construct.
Therefore, the ﬁnal construct had B-domain on the N-terminal side
of NΔ65-CP and was preceded by a hexa-histidine tag. The DNA
sequence of the recombinant NΔ65-B clones were later conﬁrmed
by sequencing. The cloning of NΔ65-P8 and NΔ65-P10 was done in
a similar manner as described for the NΔ65-B. The primer sequence
used for the cloning is provided in supplementary Table S1. P10-
pRSETC and P8-pRSETC clones (Nair and Savithri, 2010) were used
as templates to amplify P10 and P8 domains, respectively.
Protein expression and puriﬁcation
Plasmids containing chimeric SeMV CP were transformed in
the Rosetta™ (DE3)pLysS cells for protein expression. Proteins
were puriﬁed using standard Ni-NTA or ultra-centrifugation pro-
tocol. Brieﬂy, a single colony was inoculated in 30 ml of LB media
containing 100 ug/ml ampicillin and the culture was grown over
night in an orbital shaker at 37 °C. 1% of this primary culture was
used to inoculate 500 ml LB-media containing 100 ug/ml ampi-
cillin and grown at 37 °C till OD at 600 nm reached 0.6. The sec-
ondary culture was then induced with 0.3 mM IPTG and grown for
12 h at 15 °C. Cells were harvested and lysed by sonication in the
buffer containing 25 mM Tris (pH 7.5) and 400 mM NaCl. Cell
debris was removed by centrifugation at 15,000g for 15 min and
protein from the clear supernatant was puriﬁed using either Ni-
NTA chromatography or ultracentrifugation.
For Ni-NTA puriﬁcation, clear cell lysate was mixed with Ni-
NTA beads for 2 h at 4 °C. The mixture was then fed into a glass
column and non-speciﬁcally bound proteins were removed by
washing the beads with 50 ml of lysis buffer supplemented with
20 mM imidazole (pH 7.5). The desired protein was eluted in the
buffer containing 200 mM of imidazole.
For puriﬁcation of VLPs, cells were harvested in buffer con-
taining 50 mM of sodium acetate pH 5.5 and 0.02% sodium thio-
glycolate (SAT buffer) and sonicated. VLPs were pelleted from the
clear lysate by spinning the supernatant at 26,000 rpm for 3 h
using a SW28 rotor in a Beckman coulter optima L-90 ultra-
centrifuge. The pellet obtained was resuspended in a minimum
volume of SAT buffer and layered over 10–40% sucrose gradient
and spun again at 26,000 rpm for 3 h. Fractions of 1.5 ml were
collected after the run and the presence of protein was examined
using SDS-PAGE. Fractions containing the protein of interest were
pooled and sucrose was diluted by adding SAT buffer. VLPs were
ﬁnally pelleted using ultra-centrifugation (26,000 rpm, 3 h, SW28
rotor) and resuspended in a suitable volume of SAT buffer.
Fig. 8. Direct antigen coating (DAC) ELISA of NΔ65-CP/SpA/NΔ65-B-VLPs/NΔ65-B-
dimers performed as described in the methods section using non-speciﬁc DAPAL
antibody. Semi-log plot of antigen concentration versus optical density at 450 nm is
shown. NΔ65-B-particles showed signiﬁcantly greater binding to the antibodies in
comparison to SpA and NΔ65-B dimers.
Fig. 7. (a) A stereo image of the Ca2þ binding site. Residues involved in Ca2þ (green sphere) binding in NΔ65-CP T¼1 particles are shown in light magenta. Equivalent
residues in NΔ65-B C2 and NΔ65-D146N-D149N are shown in wheat and cyan, respectively. Density for the metal ion and residues Asn-267 and Asn-268 was absent in the
electron density maps of NΔ65-B C2 and NΔ65-D146N-D149N. Similar observations were made with NΔ65-B P1 structure (not shown). The structures were superposed
using SSM superpose. (b) Chimeric VLPs were checked for the presence of RNA and its sensitivity towards RNAse A. (I) Agarose gel stained with EtBr and visualized under UV
radiation to check for the presence of nucleic acid (II). Coomassie Brilliant Blue R250 stained agarose gel to conﬁrm the presence of associated proteins in the samples.
(c) Electrostatic charge distribution of the inner surface of NΔ65-B C2. Blue, white and red represent positive, neutral and negatives charges, respectively. Surface calculations
were performed using the chimera software (Pettersen et al., 2004).
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Chimeric proteins puriﬁed by Ni-NTA chromatography were
loaded on a superdex 200 10/300 Gl column pre-equilibrated with
buffer containing 20 mM Tris (pH 7.5) and 100 mM NaCl. Column
was calibrated using known protein standards and the oligomeric
status of the eluted protein was estimated using standard curves.
Gel-ﬁltration was also used later to increase the purity of the
protein obtained by Ni-NTA afﬁnity chromatography prior to
crystallization.
Protein crystallization, data collection and structure determination
Puriﬁed NΔ65-B was subjected to extensive crystallization
trials by both hanging drop and Microbatch under oil methods
using commercially available crystallization screens. Two different
forms of crystals diffracting X-rays to useful resolution were
obtained in the hanging drop vapor diffusion method. Crystals in
the triclinic space group P1 were obtained in the buffer containing
PEG 400 (20–25%), 0.1 M HEPES (pH 7.5) and 0.2 MMgCl2. NΔ65-B
A. Gulati et al. / Virology 489 (2016) 34–4342protein could also be crystallized in the monoclinic C2 space group
using crystallization condition that contained PEG 4000 (15–20%),
0.1 M sodium citrate and 5% iso-propanol. The reservoir contained
400 ml of crystallization buffer and a drop containing equal amount
of protein (20 mg/ml) and condition (2 ml each) was inverted
over the well for equilibration. Buffer containing the protein used
for crystallization trails also contained 10 mM CaCl2. Data sets
were collected at the BM-14 beam line of ESRF, Grenoble. Data
were processed using HKL 2000 (Otwinowski and Minor, 1997)
and imosﬂm (Battye et al., 2011). Self-rotation functions were
calculated using the MOLREP (Vagin and Teplyakov, 1997)
program and initial phases of reﬂections were obtained by the
PHASER software (McCoy et al., 2007) from the CCP4 suite using
SeMV NΔ65-CP structure (PDB: 1Vak) as the phasing model. The
structure was initially built using the Autobuild option of the
Phenix suite (Adams et al., 2010) and manually checked and cor-
rected using the model building graphic tool Coot (Emsley et al.,
2010). Structures were reﬁned using the Phenix reﬁne and
Refmac5 of the CCP4 suite with NCS restraints. Most of the
structural illustrations were prepared using the PyMOL software
(DeLano). Structures were superposed using secondary structure
matching (SSM) algorithm of CCP4 suite (Krissinel and Henrick,
2004).
Electron microscopy
Puriﬁed VLPs (0.3–0.5 mg/ml) were loaded on Formvars/Car-
bon Reinforced copper grids procured from STRUCTURE PROBE,
INCs and stained with 1% uranyl acetate. Grids were visualized
using a Tecnai Biotwin G2 transmission electron microscope ﬁtted
with a CCD detector. Images of VLPs were taken at magniﬁcations
ranging between 87000 and 135000 and particle sizes were
manually analysed using the Image J software. As the images were
taken at different magniﬁcations, the software was appropriately
calibrated using an image speciﬁc scale.
CD spectroscopy
CD spectra of the puriﬁed proteins were recorded using a Jasco
J-715 spectropolarimeter in a cuvette with 1 mm path length. The
protein sample at a concentration of 0.2–0.3 mg/ml in buffer
containing 5 mM of HEPES (pH 7.5) and 10 mM of NaCl was heated
from 25 °C to 95 °C using a Peltier thermal control system and the
thermal stability of the dimers was estimated by monitoring the
reduction in ellipticity corresponding to secondary structure at a
wavelength of 208 nm.
Direct ELISA
Varying concentration of chimeras or NΔ65-B dimer (1–
10,000 nM) was coated on nunc immune modules (Thermoﬁscher)
and incubated at 4 °C overnight. After washing thrice with 1 X PBS,
all wells were blocked with 5% skimmed milk in 1 X PBS buffer for
2 h at 37 °C. Henceforth, washing with 1 X PBST thrice and 1 X PBS
thrice was followed after each step. DAPAL antibodies (1:3000)
were incubated for 1 h. For detection, Goat anti rabbit IgG HRP
conjugate (1:7500) (Genei) was used. Reaction was stopped using
2 N H2SO4 and absorbance at 450 nm was monitored. The data
obtained was plotted and the total number of binding sites in all
chimeras was calculated using SpA as standard.
Structure factors and coordinates ﬁles have been deposited in
the protein data bank (PDB) with following accession codes:N
N
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